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Carotenoidof the most important enzymes on earth as it couples the transmembrane
electrochemical potential of protons to the synthesis of ATP from ADP and inorganic phosphate, providing the
main ATP source of almost all higher life on earth. During ATP synthesis, stepwise protonation of a conserved
carboxylate on each protein subunit of an oligomeric ring of 10–15 c-subunits is commonly thought to drive
rotation of the rotor moiety (c10–14γɛ) relative to stator moiety (α3β3δab2). Here we report the isolation and
crystallization of the c14-ring of subunit c from the spinach chloroplast enzyme diffracting as far as 2.8 Å. Though
ATP synthasewas not previously known to contain any pigments, the crystals of the c-subunit possessed a strong
yellow color. The pigment analysis revealed that they contain 1 chlorophyll and 2 carotenoids, thereby showing
for theﬁrst time that the chloroplast ATP synthase contains cofactors, leading to the question of the possible roles
of the functions of the pigments in the chloroplast ATP synthase.
Published by Elsevier B.V.1. Introduction
The ATP synthase couples the transmembrane proton potential
produced by mitochondria, chloroplasts and bacteria to the synthesis
of ATP from ADP and inorganic phosphate. ATP synthase is one of the
most important enzymes on earth, and is present in all kingdoms
of life from bacteria to plants and animals. All ATP produced in the
processes of photosynthesis and respiration is synthesized by this
enzyme.
1.1. Structure of ATP synthase
The ATP synthase is an integral membrane protein that consists of
two distinct structural and functional domains: a membrane intrinsic
proton translocation system (the F0 part), which is structurally con-
nected by two “stalks” to the membrane extrinsic domain (the F1 part),
which in turn harbors the nucleotide-binding sites [1]. The structure is
widely conserved in the bacterial and chloroplast enzymes while the
mitochondrial enzyme includes several additional subunits with
putative regulatory functions; furthermore, the stator stalk has a diffe-
rent subunit composition [2–4].
The head of the ATP synthase, F1, which contains the catalytic
nucleotide-binding sites, has the subunit composition α3β3γδɛ. It is
composed of a hexameric catalytic “head” (α3β3); each β subunit1 480 965 2747.
.V.contains a catalytic site while each α subunit contains a regulatory
nucleotide-binding site. The symmetry of the hexamer is broken by an
asymmetric axle (γɛ) and differences in nucleotide binding of the β
subunits. The membrane intrinsic proton translocation part of the ATP
synthase, F0, has the subunit composition ab2c10–15. It contains an ion-
driven rotor (c10–15)which is abutted byand shares 2 ionhalf channels in
subunit a. F0 and F1 are connectedbyanexternal stator stalk (b2δ) and an
internal rotor (c10γɛ). In chloroplast, the membrane intrinsic subunits
are often named by roman numbers, where subunit a corresponds to
subunit IV [5] and subunit c corresponds to subunit III. The chloroplast
enzyme has two different subunits (I and II) that correspond to the
subunit b in Escherichia coli [6]. We will use the E. coli nomenclature in
this report.
1.2. ATP synthase rotary mechanism
During ATP synthesis, proton ﬂux through the proton channel causes
stepwise protonation of a conserved carboxylate on eachmember of an
oligomeric ring of 10–15 c-subunits. This, in turn, drives rotation of the
complete rotor moiety (c10–15γɛ) relative to a stator moiety (α3β3δab2).
This rotation of the asymmetric axle causes a change in each of the three
catalytic sites of the enzyme, found on the β subunits, which promotes
the synthesis of ATP and release of the product via the binding-change
mechanism [7]. One complete revolution of the rotor, relative to the
stator, drives the synthesis of 3 ATP at the cost of x protons (where x is
the number of c-subunits in the oligomer). Under conditions where the
membrane is de-energized, the enzyme catalyzes the reverse reaction,
driving proton ﬂux at the expense of ATP hydrolysis.
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where the rotation of F1 is driven by hydrolysis of ATP and the rotation
of F0 is driven by a transmembrane ΔpH/Δψ. The direction of the
enzyme depends on the driving force of the two rotors. It rotates in
one direction during ATP hydrolysis when ATP is present and there is
no or only a small ΔpH/Δψ across the membrane; it rotates in the
opposite direction during ATP synthesis when driven by a sufﬁcient
ΔpH/Δψ,[8].
1.3. Structure of F1
Detailed structural information on the proton translocating ATP
synthase is so far only available for subcomplexes of the enzyme. The
ﬁrst structure of the F1 part of the enzyme from bovine heart has been
solved in 1994 [9]. In the meantime, the resolution was further im-
proved and the bovine enzyme has been co-crystallized with many
substrates and inhibitors, which sheds light on the catalytic mechan-
ism, for example [10] (PDB entry 1ohh), [11] (PDB entry 1 h8), and [12]
(PDB entry 2jdi)].
Most of the structural work has been done with the enzyme from
bovine heart, but there are now also structures available from other
organisms like Bacillus PS3 [13], (PDB entry code 1sky) and yeast
mitochondria [14] (PDB entry 2hld). In addition, several structures of
parts of the stator stalks from E. coli enzyme [15] (PDB entry 1l2p),
[16] (PDB entry 1b9u) have been published. A structure has also been
published from bovine heart mitochondrial enzyme that shows major
parts of the peripheral stalk [2]. There are only two structures publi-
shed of a subcomplex of the chloroplast enzyme, which contains the
α3β3 core of F1 [17,18].
1.4. Structural information of F0
No structures have been determined for the complete proton
translocation channel of F0 so far. In the consensus model, the oligo-
meric ring of c-subunits is abutted by the 5–6 transmembrane helices
of subunit a [19] as well as two b subunits (b and b′ in the chloroplast
enzyme) [1]. The ﬁrst subcomplex of the ATP synthase which has been
crystallized that contained a subunit of the proton conduction channel
was the F1–c10 complex from yeast. This complex was crystallized and
the structure was solved to a resolution of 3.9 Å [20]. There is also a
structure of the transmembrane helix of subunit b [16]. No crystal
structures of subunit a have yet been determined, but biochemical
evidence suggests that this subunit may contain ﬁve transmembrane
helices [19].
Structural information on subunit c was ﬁrst provided by solution
NMR [21], which showed that the c-subunit consists of 2 helices
connected by a hairpin loop. In 2005, the structure of the c11 ring of the
Na+ ATP synthase of the thermophilic bacterium Ilyobacter tartaricus
was determined by X-ray structure analysis at 2.4 Å resolution [22]. One
of the very astonishing facts of the c-ring is that the number of subunits
in the ring differs between different species. The individual c-subunits
assemble into oligomeric rings of 10–15 subunits. The ring from Sac-
charomyces cerevisiae contains10 subunits [20], the ring from I. tartaricus
contains 11 subunits [22,23], the ring from spinach Spinacia oleracea
contains 14 subunits [24], and the ring from Spirulina platensis contains
15 subunits [25]. The stoichiometry is important because it is directly
related to the proton-to-ATP ratio and the proton-motive-force (p.m.f.)
required for each proton to drive the enzyme. Assuming an efﬁciency
nearing 100%, each full rotation of the c-subunit ringdrives the synthesis
of 3 ATP; the more subunits are present in each ring, the more protons
and less p.m.f. per proton are required for the rotation.
We report here the ﬁrst crystallization of the c-ring of a proton-
driven ATP synthase. Although there are no published crystal structures
of ATP synthase showing the presence of any non-nucleotide cofactors,
the chloroplast enzyme from spinach (S. oleracea) co-puriﬁes with
pigments. The chlorophyll and carotenoids are present in the thylakoidmembrane extract and follow the protein through a sucrose density
gradient, the exposure of the c-ring to strong detergent and heating, and
even through to the crystallization of the c-subunit oligomer. The
amount of pigment present in a sample is roughly proportional to the
ATP synthase content of a sample, which may indicate an important
functional or structural role of the pigments.
2. Materials and methods
2.1. Isolation of chloroplast membranes and thylakoids
Intact and active chloroplast ATP synthase was extracted from spinach with slight
modiﬁcations as described in [26,27]. Blemish-free spinach leaves weighing a total of
1.5–2.5 kg were stored overnight at 4 °C in the dark to reduce the starch content. The
leaves were then homogenized in a 4 L Waring blender with a minimal volume of
homogenization buffer (0.4 M sucrose, 100 mM Tricine-NaOH pH 8.0, 2 mMMgCl2). The
homogenate was ﬁltered through 6 layers of cheesecloth before being centrifuged at
12,000 rpm in a SLA1500 rotor for 25 min at 4 °C. The supernatant was discarded and
the pellet was re-suspended in 1 L of a solution containing (10 mM Tris–HCl pH 8.0,
0.5 mM MgCl2). The suspension was stirred for 15 min at 4 °C before being centrifuged
at 12,000 rpm in a SLA1500 rotor for 25 min at 4 °C. The supernatant was discarded and
the pellet was re-suspended in 1 L of a buffer containing (0.4 M sucrose,10mM Tris–HCl
pH 8.0, 150 mM NaCl, 0.5 mMMgCl2). The solution was then centrifuged at 12,000 rpm
in a SLA1500 rotor for 25 min at 4 °C. The supernatant was carefully discarded and the
upper part of the pellet, containing thylakoids was re-suspended in 8–16 mL of a re-
suspension buffer (0.4 M sucrose, 50 mM Tricine–NaOH pH 8.0, 2 mM MgCl2). The
chlorophyll concentration of the solution was determined using the method of
Wellburn and Lichtenthaler [28]. The chlorophyll concentration of the solution was
adjusted to 5 mg/mL by dilution with re-suspension buffer.
2.2. Extraction of the ATP synthase
Solid DTT was added to a ﬁnal concentration of 50 mM and the suspension was
stirred for 15 min on ice. An equal volume of extraction buffer was added (20 mM
Tricine–NaOH pH 8.0, 200 mM sucrose, 5 mM MgCl2, 400 mM (NH4)2SO4, 2 mM Na2-
ATP, 25 mM=1.08% (w/v)] Na cholate, 60 mM β-D-octylglucoside, 50 mM DTT). The
solution was stirred for 30 min at 4 °C. The extracted proteins were separated from the
remaining membranes by centrifugation at 45,000 rpm for 60 min at 4 °C in a Beckman
Ti-70 rotor.
2.3. Fractionated ammonium sulfate precipitation
The extracted thylakoid membrane proteins were enriched in ATP synthase by
ammonium sulfate precipitation. A saturated ammonium sulfate solution (pH 8.0) was
added drop-wise to the protein on ice until it reached a concentration of 1.2 M. The
protein solutionwas centrifuged at 10,000 ×g in an SS-34 rotor at 4 °C for 15min and the
precipitate was discarded. Additional ammonium sulfate was added to the protein
solution until it reached a concentration of 1.8 M. The protein solution was again
centrifuged for 15 min at 10,000 ×g in an SS-34 rotor at 4 °C. The pellet was re-
suspended in 4–5 mL of freezing buffer (30 mM NaH2PO4-NaOH pH 7.2, 200 mM
sucrose, 2 mM MgCl2, 0.5 mM Na2 EDTA, 4 mM β-D-dodecylmaltoside (GLYCON
Biochemicals GmbH)) before being ﬂash-frozen in liquid nitrogen and stored at −80 °C.
2.4. Sucrose Density Gradient centrifugation
Protein fractions from the ammonium sulfate precipitationwere thawed andmixed
with an equal volume of density gradient buffer (30 mM NaH2PO4-NaOH pH 7.2, 2 mM
MgCl2, 0.5 mM Na2-EDTA, 4 mM β-D-dodecylmaltoside). β-D-dodecylmaltoside was
added as a concentrated stock solution until the solution clariﬁed (~0.2%).
Sucrose gradients with steps of 12, 15, 18, 21, 24, 27, and 30% (w/v) sucrose in the
density gradient buffer were prepared and ~3.5 mL diluted protein solution was added
to the top (for a total volume of ~38.5 mL). These samples were centrifuged in a
Beckman SW-32 rotor at 32,000 rpm for 22 h at 4 °C. The yellow band containing the
ATP synthase was collected in a solution containing ~24% (w/v) sucrose, 30 mM
NaH2PO4-NaOH pH 7.2, 2 mM MgCl2, 0.5 mM Na2-EDTA, 4 mM β-D-dodecylmaltoside.
The ATP synthase solution was ﬂash-frozen and stored in liquid nitrogen.
2.5. Functional characterization of ATP synthase
The activity of the enzymewasmeasured using the assay described in [26]. Liposomes
were prepared according to [29] by ﬁrst preparing a mixture of phosphatidylcholine (PC)
and phosphatidic acid (PA) in a 19:1 ratio. The lipids were then dissolved at 18 mg/ml in a
detergent-containing solution (7.2 mg/ml cholic acid, 3.6 mg/ml sodium deoxycholate,
500 μMDTT,100 μMEDTAand10mMTricine-NaOH,pH8.0) and sonicated in an ice bath (3
timesat30s)under a streamof nitrogengas. This solutionwasdialyzedagainst a 5000-fold
volumeof buffer (2.5mMMgCl2, 250 μMDTT, 200 μMEDTAacid and10mMTricine-NaOH,
pH 8.0) at room temperature for 5 h using a Spectrapor membrane (12 kDa MWCO) and
then frozen at −20 °C in 125 μL aliquots.
Fig. 2. Sucrose density gradient centrifugation of the ATP synthase. Intact ATP synthase
is puriﬁed using a sucrose density gradient centrifugation. The lower yellow band at
~24% contains the ATP synthase. It has a strong yellow color that is proportional to the
amount of protein present. The numbers indicated represent the concentration of the
sucrose (w/v) in each step.
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from [30]. This method uses the detergent Triton X-100 to destabilize the liposomal
membranes, allowing the protein–detergent micelles to incorporate, before Biobeads
are added to remove the detergent and re-stabilize the membranes. The method was
carried out as follows: The liposome aliquots were thawed at room temperature before
being combined with 5–20 μL enzyme-micelle solution (2–5 mg/mL), 125 μL buffer
(20 mM Tricine, 20 mM succinate, 0.6 mM KOH, 80 mM NaCl, 5 mMMgCl2, pH 8.0 with
NaOH), and 20 μL of Triton X-100 (10% w/v). Biobeads (80 mg) were added and the
solution was stirred at room temperature for 1 h before the solution was decanted off.
The proteo-liposomes (10 μL) were incubated with 50 μL acidic buffer (20 mM
succinate 0.6 mM KOH, 2.5 mM MgCl2, 20 μM valinomycin, 10 mM NaH2PO4, titrated to
pH 4.5) for 2min. ATP synthesiswas triggered in aΔpH/Δψ jump by the addition of 200 μL
of basic buffer (200mMTricine,130mMKCl,10mMNaH2PO4, 2.5mMMgCl2, 0.1mMADP,
titrated to pH 8.8) and halted by the addition of 250 μL tricholoacetic acid (6% w/v) at
discrete time intervals (0.5, 1.0, 2.0, 3.0, 5.0, 10.0 s). Basic buffer without ADP (500 μL) was
added to adjust the pH of the solution towards neutral for the ATP-determination assay.
The ATP content of each samplewas determined by the luciferin–luciferase assay. The
activity of the enzymeswas determined by dividing the rate of ATP synthesis, [ATP/s] from
each sample by the protein content of each sample. Typical peak activities achieved for the
chloroplast enzyme were ~200 ATP per enzyme per second.
2.6. Isolation of c14 subcomplex
Several methods were initially applied for the disassembly of the ATP synthase
complex and isolation of the c-ring, including exposure to NaBr, EDTA, low pH, high pH,
urea, and SDS. The ATP synthase was exposed to the different treatments and the c-ring
was separated from the remaining protein subunits by gel ﬁltration chromatography.
Combinations of several methods had been successfully used for the isolation; however
the yields were rather low. After the structure of the c11-ring of I. tartaricuswas published,
[23] we also tried this method and determined that the chloroplast c-ring can be iso-
latedwith good yieldswith slightmodiﬁcations of thepublishedprocedure. Brieﬂy, 0.8–1%
(w/v) lauroylsarcosine was added to the protein (typically 3–4 mg/mL) and the solution
was heated to 50–65 °C for 10 min. The proteinwas cooled to room temperature and then
ammonium sulfate was added to a ﬁnal concentration of 2.5 M. The solution was then
centrifuged in a SH-3000 rotor at 3,500 rpm for 15 min at 20 °C. The supernatant was
collected andﬁltered througha 0.45 μmﬁlter. Theﬁltratewasdialyzed against a solution of
50 mM NaCl, 20 mM HEPES, pH 7.0, and 0.03% β-D-dodecylmaltoside.
The dialyzed protein was concentrated to ~5 mg/mL using a centrifugal concen-
trator (Vivaspin 20, 50 kDaMWCO) before being applied to a Superdex 200 gel ﬁltration
size-exclusion column (GE Healthcare), equilibrated with buffer containing 50 mM
NaCl, 20 mM HEPES, pH 7.0, 0.03% β-D-dodecylmaltoside (volume of column: 24 mL,
ﬂow rate: 0.4 mL/min). The major peak, eluting at ~28 min, which contained the c-ring,Fig. 1. Subunit Arrangement of ATP Synthase. ATP synthase is a membrane-bound
protein found in chloroplasts, mitochondria and bacteria. It is responsible for using the
energy stored in an electrochemical proton gradient to synthesize ATP from ADP and Pi
and consists of twomajormoieties—F1 and F0. F1 consistsmainly of soluble proteinswith
the subunit composition α3β3γδɛ and contains 3 catalytic sites (one on each β subunit).
F0 has the subunit composition ab2cx (x ranges from 10–15 and depends on the species)
and contains a membrane-bound ion channel. During ATP synthesis, rotation of the
asymmetric axle (γɛ) within the core of the catalytic hexamer (α3β3) causes a change in
the binding properties of the active site which promotes binding of the substrates,
synthesis and release of the product. This rotation is caused by proton ﬂux through a
proton channel (formed by subunits a and c) that causes a stepwise protonation of the
each c-subunit in the oligomeric ring.was collected and then concentrated with a centrifugal concentrator (Vivaspin 500,
Sartorius 100 kDa MWCO). An absorption spectrum (280–800 nm) was collected and
the protein preparations were further analyzed by SDS-PAGE and MALDI.
2.7. Analysis of the pigment content by reverse-phase HPLC
For the analysis of the pigments, the protein was denatured and the pigments
extracted by 80% acetone/20% water treatment for 10 min at RT. The pigment content of
the crystals and protein batches was determined by HPLC in principle as described in
[31,32] on a HP-1100 Chemstation using a Waters Spherisorb S5ODS2 (250×4 mm)
column ﬁlled with C-18 reverse-phase silica gel.
2.8. Crystallization of the c-ring
Initial screens of crystallization conditions were conducted on the intact and active
ATP synthase using the vapor diffusion method. The systematic screens included the
variation of pH, precipitant, ionic strength, temperature, protein concentration, detergents
and additives (Details of the crystallization procedurewill be published elsewhere. Varco-
Merth et al., In Preparation). Several crystallization experiments contained thin 20–50 μm
crystals growing out of a “skin”-like phase composed of detergent, PEG, and denatured
protein. These conditions were further varied to optimize the crystallization, producing
larger and thicker crystals (~0.3–0.4 mm), which were suitable for analysis by SDS-PAGE.
We also observed that the crystals had a strong yellow color.
SDS gel electrophoresis showed that the crystals were determined to be composed
of the c-subunit oligomer. Therefore, further efforts were undertaken to further purify
the subcomplex (see above) in order to improve the quality of the crystals and enable
the use of re-crystallization as a ﬁnal puriﬁcation step. Crystals prepared from the
puriﬁed c-ring grew larger in dropswith less “skin” observed in the drops. They showed
improved X-ray diffraction quality as they diffracted to higher resolution and showed
less anisotropy than the crystals grown from the intact ATP synthase.
2.9. Characterization of the c-ring crystals by X-ray diffraction
Theﬁrst X-ray data on crystalsweremeasured using the homeX-ray source (Rigaku)
that contains a Cu-anode as X-ray source. These thin hexagonal plates (50–100 μm in
diameter,10–20 μm in height) diffracted as far as 5 Å in the direction of one crystal axis.
However they showed strong anisotropy, diffracting to less than 20 Å in other
dimensions. Optimization of the growth conditions, further puriﬁcation of the subunit c
oligomer, and the use of synchrotron radiation led to diffraction data with higher
resolution and less anisotropy. The best diffracting crystals showed X-ray diffraction as
far as 2.8 Å in one direction and 3.4 Å in the 90° rotation, reﬂecting the inner anisotropy
of the crystals. Therefore, the evaluation of the data is currently limited to 3.45 Å.
X-ray diffraction data on the crystals were collected using synchrotron X-ray
radiation at beamlines 8.3.1, 5.0.3, 8.2.1, and 8.2.2 at the Advanced Light Source at
Berkeley National Lab and Beamlines 19-ID and 22-ID at the Advanced Photon Source at
Argonne National Laboratory.
The primary data evaluation was done using the software package HKL 2000
version 1.93 (for indexing, integration and merging of the data) [33,34]. The scaled data
were further evaluated with programs from the CCP4i family [35].
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3.1. Isolation and functional characterization of the ATP synthase
The ﬁrst step in the structure determination of the c-subunit rotor of
the ATP synthasewas the isolation of the functional intact enzyme from
spinach. The isolation was performed as described in Materials and
methodsusingaprotocolwhichwasmodiﬁed after publishedprocedure
[5,26]. The protein was solubilized from the membrane in the presence
of DTT by a combination of 2 detergents (β-D-octylglycoside and
cholate). The ATP synthase was enriched by use of stepwise ammonium
sulfate precipitation. The detergentwas changed to themilderdetergent
β-D-dodecylmaltoside upon density gradient centrifugation as the
protein showedhigher stabilityandactivity in theβ-D-dodecylmaltoside
preparations compared to octylglucoside preparations. We have also
tried to isolate the ATP synthase exclusively in β-D-dodecylmaltoside by
replacing the cholate-octylglucoside extractionprocedure. However, the
results showed that the yields of ATP synthase by extraction with β-D-
dodecylmaltoside were extremely low and contained mainly Photo-
system I and II, leading to the conclusion that these preparations were
not useful for structural and functional investigations.
Using the standard density gradient used by [26], the ATP synthase
appeared in yellowish band in the lower third of the gradient. It was
notedmore than 20 years ago that the ATP synthase band in the density
gradient is yellow [27], but the fact did not drawany further attention as
the pigmentationwas generally regarded as a small contamination from
the chlorophyll-containing proteins. Attempts to prepare a functional
intact “colorless” enzyme failed. While they were still able to hydrolyze
ATP all colorless preparations of the ATP synthase were inactive inFig. 3. Gallery of crystals of the c-ring of the ATP synthase: A: Initial small crystals of the c14-ri
grown from a starting solution that contained the intact ATP synthase. Please note that the p
These pictures were taken under white light without polarization ﬁlter to show the true col
showing a strong yellow color. The crystals were grown from a starting solution that contai
Please note that the crystals show the same strong yellow color as the crystals grown fromdirection ofATP synthesis (Frommeunpublished results). ATPhydrolysis
does not require a tight coupling of the F1 and F0 parts and can therefore
not serve as an assay for the determination of an intact enzyme (Fig. 1).
The density gradient centrifugation was optimized testing differ-
ent linear and step gradients to establish a better separation of the ATP
synthase from the major pigment-containing contaminants (Photo-
system I and II). The optimized step gradient contained steps of 12,15,
18, 21, 24, 27 and 30% sucrose (for more details see Materials and
methods). The result is shown in Fig. 2. The ATP synthase is contained
in the yellow band at 24% sucrose.
The activity of the isolated ATP synthase was measured by investiga-
tion of the rate of ATP synthesis in reconstituted liposomes. The protein
was reconstituted into liposomesby removal of detergents in thepresence
of liposomes using Bio-Beads [30]. The enzymepreparations showedhigh
rates of ATP synthesis of 200±30 ATP per enzyme per second.
3.2. Crystallization experiments
The isolated intact ATP synthase in the β-D-dodecylmaltoside
micelle was used for crystallization experiments using a large
comprehensive screening procedure.
The systematic screen included abroad screen of temperature, ionic
strength, pH, different cations and anions, precipitants and additives.
The aimwas to screen for crystallization of the intact enzyme aswell as
subcomplexes of the protein, with special interest of crystallization
conditions that could lead to the crystallization of subcomplexes con-
taining subunits of the membrane intrinsic part of the ATP synthase.
Very thin hexagonal crystals were ﬁrst observed as shown in Fig. 3A.
SDS gel electrophoresis showed that the crystals exclusively contain theng. The crystals are very thin plates (diameter 50 μM, height less than 10 μM). They were
icture is taken under polarized light and therefore appear with false colors. B, C and D:
ors of the crystals. B: Improved crystals of the c-ring (diameter 100 μM, height 50 μM),
ns the intact ATP synthase. C and D: Crystals of the isolated c-ring of the ATP synthase.
the intact enzyme.
Fig. 4. SDS gel electrophoresis of the intact ATP synthase and crystals of the c-ring. Lanes
1 and 6 contain intact ATP synthase, lanes 2 to 5 contain dissolved crystals. The samples
were run on a Phastgel system HD gel and stained with silver.
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further optimized to achieve larger crystals, which are suitable for X-ray
structure analysis (Details will be published elsewhere. Varco-Merth
et al., In Preparation.).
When we observed the ﬁrst larger crystals of the chloroplast c-ring,
we were very surprised to see that they were yellow. A picture of the
crystals is shown in Fig. 3B. SDS gel electrophoresis showed the same
pattern as the small crystals, i.e. the crystals contained exclusively the c-
subunit of the chloroplast ATP synthase. SpectroscopyandHPLC analysis
revealed that they contained chlorophyll and carotenoids, however we
could not exclude at this time that the pigment were non-speciﬁcally
bound to the detergent.
An initial screening for X-ray diffraction at the home X-ray source
showed X-ray diffraction to about 5.5 Å. A complete native data set had
been collected at synchrotron sources and could be evaluated to 4.5 Å
resolution (data not shown), however, the crystals showed large
anisotropy. During the optimization of the crystallization conditions
we observed that the crystals grow in hanging drops in a skin, consisting
of PEG, detergent, and precipitated protein. No crystals could be grown
by batch or dialysis methods, which made it difﬁcult to use crystal-
lization as the last puriﬁcation step, a method which has been success-
fully used in the past to grow and improve crystals of Photosystem I and
II [5,36,37].Fig. 5. Absorption spectrum of dissolved crystals of the c14 ring of the ATP synthase. The eval
The stoichiometric ratio of pigments to protein oligomers was in some preparations less tha
dissociate the subunit c oligomer from the rest of the ATP synthase complex.3.3. Isolation of the c-ring of the ATP synthase
The next step in the experimental scheme was the further puriﬁ-
cation of the c-ring. There were two major aims in the establishment of
an isolation procedure for the c-ring. We wanted to investigate if the
pigments are an intrinsic structural part of the c-ring that would sustain
a harsh isolation procedure of the c-ring. Furthermore, we wanted to
improve the crystal quality by performing the crystallization experi-
mentswith a purepreparation of the c-ring. Theﬁrst step in the isolation
process was the disassembly of the intact ATP synthase. The experi-
ments showed that the enzyme could be disassembled in differentways
either by use of NaBr, low pH or high pH, EDTA, or strong ionic deter-
gents. The intact c14-ring protein could also be isolated in SDS as ﬁrst
described by Fromme [5], in a method which was used for the AFM
studies by N. Dencher and his colleagues [24] that revealed for the ﬁrst
time the 14-fold symmetry of the chloroplast c-ring.
However, the protein in SDS micelles was not suitable for
crystallization experiments. The best detergent for crystallization of
the isolated c-ring was the very mild detergent β-D-dodecylmalto-
side, which had also been used to grow the ﬁrst c-ring crystals
starting with the intact ATP synthase. While we were optimizing the
isolation procedure for the chloroplast c-ring, the crystal structure
for a c11-ring of the Na+ ATP synthase from I. tartaricus was
published [22]. We also tested the isolation procedure described for
the Na+-driven ATP synthase c11-ring for the chloroplast enzyme
and could achieve a disassembly of the intact enzyme and crude
puriﬁcation of the c14-ring of the chloroplast ATP synthase following
their procedure with minor modiﬁcations. This was astonishing, as
spinach grows in cool climates while I. tartaricus is a thermophilic
prokaryote.
The protein was further puriﬁed by gel chromatography
following dialysis. The harsh detergent lauroylsarcosine was
replaced by the mild anionic detergent β-D-dodecylmaltoside
during the dialysis and gel chromatography steps. The chromato-
gram showed two peaks (data not shown). The major peak, eluting
at ~28 min, contained the c-ring. We were very excited to see that
the pigments largely remained in the c-ring during the harsh
detergent and heat treatment. This gives a clear indication that the
pigments are not non-speciﬁcally attached to detergent micelle, but
must be located inside the c-ring, being an intrinsic cofactor of the
ATP synthase.
3.4. Crystallization of the isolated c-ring
The crystals grown from the isolated c-ring are shown in Figs. 3C
and D. They crystallize in the same space group and show the sameuation of the spectrum revealed a pigment content of ~2 carotenoids per 1 chlorophyll.
n 1 to 1. It could be caused by removal of pigments by the strong methods required to
Fig. 6. Reverse-phase HPLC analysis of the pigment content of the c-ring crystals. Protein crystals were subjected to a solution of 80% acetone/20% water to denature the protein and
extract the pigments. The solution was then separated using a reverse-phase HPLC (as described in Materials and methods) and two major peaks were observed. The peaks observed
by the 665 nm detector were identiﬁed as chlorophyll and pheophytin by spectral analysis. The peak observed by the 480 nm detector was identiﬁed as beta-carotene by spectral
analysis.
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While the crystallization drops of the intact enzyme always contained
a lot of denatured protein in form of amorphous precipitation, the
crystallization experiments of the isolated c14 ring were free of amor-
phous precipitate.
3.5. Pigment analysis of the crystals of the c14-ring
The crystals still growout of a skin of detergent and PEG, but this skin
was diminished and they could be easily separated from it. This allowed
us to use seeding techniques to further improve the size and quality of
the crystals and analyze the pigment content in more detail. The
spectrum of the dissolved crystals is shown in Fig. 5. The absorption
spectra indicated a pigment content of 1±0.3 chlorophyll per 2±0.5
carotenoids. As the determination of the pigment content from the
spectrum alone is not very precise due to the overlap of the chlorophyll
and carotenoid bands, we have analyzed the pigment content by
reverse-phase HPLC chromatography. The results are shown in Fig. 6.
The HPLC data conﬁrmed the pigment content, but also showed that the
sample contains pheophytin. The pheophytinization is probably caused
by loss of the central Mg2+ during the extraction procedure of the
pigments for the HPLC analysis. The protein/chlorophyll ratio was
calculated on the basis of the ratio between the protein absorption at
280 nm, using amolar extinction coefﬁcient of 20,860 for the c-ring and
an absorption coefﬁcient of the chlorophyll of 64,000 at 665 nm. The
determination of the ratio of Chl/protein in the crystals was difﬁcult asFig. 7. X-ray diffraction pattern of the crystals of the c-ring of the ATP synthase. This data
was collected at Beamline 8.3.1 at the Advanced Light Source at Lawrence Berkeley
National Laboratory (see Acknowledgements).the crystals had to be completely separated from the PEG-skin andwere
alsodifﬁcult to re-solubilize. Furthermore,more than 200 crystals had to
be dissolved for one absorption spectrum, so this method did not allow
the determination of the Chl/protein ratio of individual crystals.
Therefore, we can currently only give a rough estimate of the Chl/
protein ratio of different crystal batches. The chlorophyll/proteinwas in
most preparations less than stochiometric, caused by the harsh
treatment of the c-ring during disassembly and isolation process. The
crystals with the best diffraction quality (b3 Å) had the highest
chlorophyll/protein content Chl/c14 ring, while crystal batches with a
low pigment content (b0.1 Chl/c14 ring) showed generally only very
weak X-ray diffraction quality (resolution limit 8–12 Å).
3.6. Preliminary characterization of X-ray diffraction
Data on the improved crystals have recently been collected at
synchrotron X-ray sources. The resolution of the crystals has been
dramatically improved and diffraction along the c-axis is observed to
2.8 Å resolution (see Fig. 7). The diffraction is still anisotropic with
diffraction in the a and b planes to 3.5 Å. A native data set has been
collected and evaluated to 3.45 Å resolution (Table 1). The native
Pattersonmap of the data set revealed a 14-fold symmetry, which is in
agreement with the stochiometry of 14 c-subunits per ring as
determined by AFM studies of the chloroplast enzyme [24]. We are
currently in the process of determining the phases by a combination of
molecular modeling, molecular replacement and experimental phases
using Nobel gases and other heavy atoms.
3.7. Discussion of potential functions of the pigments in the chloroplast
ATP synthase
The spectral analysis of the pigments in dissolved crystals of the re-
crystallizedprotein revealed thepresence of chlorophylls and carotenoids.Table 1
Crystallographic parameters
Space group C2
Unit cell a=145 Å b=97 Å c=127 Å
β=106°
Resolution 50–3.45 Å (3.60–3.45 Å)
Multiplicity 3.4 (2.9)
Completeness 92.6% (65.1%)
I/σ 15.7 (2.3)
Rsym 0.074 (0.353)
Data collection and crystallographic analysis. The numbers in parentheses refer to the
higher resolution bin (3.60–3.45 Å).
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that the chloroplast ATP synthase may contain pigments as integral parts
of the enzyme. This situation is somewhat similar to the case of the
cytochrome b6f complex, where crystallization and structure determina-
tion revealed that one chlorophyll and one carotenoid are essential
pigments deeply buried inside the protein complex [38,39], The function
of the chlorophyll and carotenoid in the cytochrome b6f complex is still
under discussion [40].
In the case of the chloroplast c14 ring, the pigments are tightly bound
to the c14 ring and may be located in the inside of the ring, as they are
resistant to removal by the harsh detergent treatment during the
isolation of the c14 ring. We want to speculate now on the potential
functions of the pigments in the c14 ring of the chloroplast ATP synthase.
The possibility, which we want to discuss ﬁrst, is that the chlorophyll
and carotenoids may function as “lipid” ﬁlling (together with lipids) the
inside of the c-ring. In this case they may stabilize the hydrophobic
“inner” side of the N-terminal helix of the ring and the major function
would be the stabilization of the complex. It might also be considered
that the presence of the pigments (and especially the large chlorophyll
head group) may play a role in the determination of the size of the c-
ring. We are currently working on the reconstitution of the c-ring with
different stoichiometry of pigments to test this hypothesis. We are also
currently undertaking a study to determine whether the stoichiometry
of the ring depends on the photosynthetic pigments or special assembly
factors by attempting heterologous over-expression of the chloroplast c-
subunit in E. coli. Another possibility is that the pigments (and
especially the carotenoids) may play a photo-protective role preventing
the photo damage of the enzyme under high light intensity. The
pigments may also interact with the bottom part of the γɛ subunits,
which form the central stalk of the ATP synthase [41,20] thereby
providing stabilization at the coupling site between the c-ring rotor in F0
and the γɛ rotor in F1. If the pigments play a role in the interaction of the
central stalk with the c-ring the question may be raised if the pigments
could play a role in the light regulation of the ATP synthase [42,43].
However, it is clear thatmanymore experiments have to be done to rule
out or conﬁrm some of these hypotheses, which leaves a large ﬁeld for
further investigations and the structure determination, which is in
progress, may ﬁnally show the location of the pigments.
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